Abstract Dynamics of Mya arenaria beds in two bights of the Chupa Inlet (Kandalaksha Bay, White Sea) were studied on a long-term basis. Observations were carried out at 1-to 3-year intervals from 1979 up to 1999. The studied soft-shell clam beds were characterised by a substantial instability of age structure. Since 1988, only one year-class has dominated in the beds while other generations have been scarce and recruitment was not observed. This pattern of Mya bed dynamics was related neither to interannual environmental changes nor to differential reproduction success or predation effects in the benthic assemblages. Favourable conditions for spat formation in 1988 (low abundance of other M. arenaria generations), as well as for juvenile survival during the following winter, resulted in high abundance of juveniles in both investigated locations in 1989. The mortality rate (m) in this 1988 generation varied throughout the period of investigation and was related to age. The mortality level decreased for the first 2-4 years of the life cycle, then stabilised for the next 3-4 years, and eventually increased in subsequent years. Overall m values ranged from 0 to 1.68 year -1 . The oldest specimens observed were 17 years old and had a maximum shell length of 79 mm. Significant differences in average growth rates were observed between molluscs of different locations.
Introduction
The soft-shell clam Mya arenaria L. is a common component of soft-bottom littoral benthic assemblages in the temperate zone of the Northern Hemisphere. In the Atlantic Ocean, this species reaches as far south as the Bay of Biscay and Northern Carolina. In the Pacific, it occurs as far as California and the Japanese Sea (Golikov et al. 1985) . In the White Sea, M. arenaria usually forms tight beds of more than 1,000 ind. m 2 (Russanova 1963) , which can easily be sampled. Hence the species is a convenient object for investigations on population dynamics.
M. arenaria population dynamics has previously been studied in a number of locations, including the White Sea (Glude 1954; Brousseau 1978; Maximovich 1978 Maximovich , 1989a Commito 1982; Goshima 1982; Sadykhova 1982; Möller and Rosenberg 1983; Brousseau and Baglivo 1984; Emerson et al. 1988 ). These investigations have revealed large interannual variations in population recruitment rate. For this reason, Mya beds can consist of only adult specimens for several years. Different explanations of this phenomenon have been proposed. Some authors (Beukema 1982; Günter 1992 ) suggested fluctuations of recruitment rate resulting from interannual variation in reproduction success. Commito (1982) emphasised the role of predators in regulating the recruitment level, while Kühl (1951) pointed out that the ice regime could play a crucial role in this process. Some researchers considered the variation of recruitment level as a result of adult-larval interactions (Möller and Rosenberg 1983; Maximovich 1989a; Günter 1991 Günter , 1992 . According to Günter (1992) , the scarcity of juveniles in the North Sea populations could be the result of filtration activity of adult molluscs. It was also shown (Günter 1991) that repellents produced by adult specimens often control the rate of spat fall. Experimental studies have revealed weak spat formation in beds with high numbers of adult specimens (Andre and Rosenberg 1991) . However, other observations did not confirm this correlation (Brousseau and Baglivo 1988; Günter 1992) . Thus, there is no common opinion about the reasons of recruitment rate instability in M. arenaria populations and further studies are necessary.
Probably the main reason for the inconsistency of the obtained results is that observation periods were relatively short, rarely exceeding 2-3 years. This is clearly insufficient for studies of population dynamics in a species whose lifespan can be as long as 28 years (MacDonald and Thomas 1980; Appeldoorn 1990) . Our studies at the White Sea Biological Station of St Petersburg State University (WSBS) have been carried out for 20 years, and have provided extensive data on M. arenaria population dynamics in the White Sea.
The growth patterns of soft-shell clams are fairly well studied in some parts of their geographical range. Their lifespan varies from 4 to 28 years while maximum length ranged from 27 to 125 mm (Swan 1952; Münch-Petersen 1970; Feder and Paul 1974; Warvick and Price 1975; Evans and Tallmarc 1977; Brousseau 1979; MacDonald and Thomas 1980; Commito 1982; Winther and Gray 1985; Emerson et al. 1988; Appeldoorn 1990) . Among the key factors determining M. arenaria growth rate in natural conditions are temperature, current velocity, exposure time, type of sediments, water salinity and food availability (Ivanov 1973; Sadykhova 1979; Swan 1952; Newell and Hidu 1982; Rosenberry et al. 1991) . In the White Sea, however, little is known of the growth rate of the soft-shell clam. The species' maximum lifetime here is 13-14 years (Sadykhova 1979; Maximovich 1989a ), but no data are available on the degree and causes of growth rate variation in local populations. The aim of the present study was to reveal the main traits in the dynamics of population structure and growth rate in some intertidal beds of M. arenaria in the White Sea.
Methods
M. arenaria beds were studied in two bights of the Keret archipelago (Chupa Intlet, Kandalaksha Bay, White Sea) in the vicinity of the WSBS (Fig. 1) . Observations were carried out at 1-3 year intervals from 1980 (location A) and 1979 (location B) up to 1999 (both locations). Sampling took place mostly between late June and early July. In both locations, middle and low intertidal zones were sampled separately.
At each site (intertidal horizon) molluscs were sampled together with other macrobenthic invertebrates using a series of frames of 0.01-1 m 2 catching square. For registration of Mya specimens of less than 20 mm in length, frames of 0.01-0.1 m 2 catching square were used depending on clam abundance. Frame size was chosen in such a way that, on average, samples did not include less than 10 individuals each. At each site, at least 10 samples were taken in each sampling period. Sediments were excavated to 5 cm depth using a spoon and then washed out through a sieve of 1 mm mesh size. For registration of large molluscs (more than 20 mm), frames of 0.25-1 m 2 catching square were used. The choice of frames was based on the same consideration as in small molluscs. Again, a minimum of 10 samples was taken at each site and sampling time. Sediments were excavated to 30 cm depth using a spade. Overall, 1132 samples were collected during the investigation.
Clams from each sample were counted and their shell length was measured to the nearest 0.1 mm. The numbers of molluscs of both size fractions (smaller and larger than 20 mm) were then calculated per square metre and lumped together to give the total number per square metre at each sampling site.
Mollusc age was determined by counting shell annuli. Age determination on the basis of external shell morphology is known to be rather troublesome (MacDonald and Thomas 1980; Appeldoorn 1983) . Nevertheless, according to many authors (Newcombe 1936; Swan 1952; Feder and Paul 1974 ) the structural marks on M. arenaria shells do reflect annual growth patterns. Some peculiarities of the studied Mya beds have allowed us to check the correctness of age determination on the basis of external shell morphology. Since 1989, a single year-class has prevailed in the mollusc beds in both locations. Hence, at every sampling session we knew the exact age of the molluscs of the dominating group and could thus assess the reliability of age determination on the basis of shell annuli analysis. It was found that the first annuli (corresponding to the growth delay during the first winter after settlement) was not visible in specimens older than 2 years. Taking this into consideration, and counting the number of visible 'growth rings' on the shells, it was possible to estimate the real mollusc age quite confidently.
Comparative analysis of abundance dynamics in M. arenaria generations was performed using the mortality coefficient
where N 1 and N 2 are abundances (ind. m -2 ) of a special age-class in successive years.
Growth rates of M. arenaria were studied by measuring the maximum linear size of shell annuli. These were measured in the majority of caught molluscs (about 5,000 specimens overall). Average characteristics were then calculated for each tidal horizon in each location. For growth pattern reconstruction the Bertalanffy equation was applied:
ÀkðtÀtoÞ Þ Fig. 1 Area of investigation. A and B, investigated locations where L t is the shell length (mm) at time t (year); L 1 , k and t o are constants. Calculation of constants was performed analytically using an approach described earlier (Maximovich 1989b) . The comparison of growth patterns was carried out using the analysis of residual dispersion values with regard to growth 'curves' (Allen 1976; Maximovich 1989b) . Significance of dispersion distinctions was estimated using the Fisher index (F). As a distance between the growth patterns, the F to F critical ratio (F/F Cr ) was used. The investigated habitats are very typical of the White Sea (Babkov and Golikov 1984) . They are characterised by semidiurnal tides with a mean tidal range of about 2 m. In summer, the temperature of the upper water layer rises up to 15-17C, in winter it falls to 1.5C. From November to the end of May, the intertidal zone is covered by ice up to 1 m in thickness. Sampling locations were about 3 km apart and were characterised by relatively weak wave activity (see Fig. 1 ). They did not differ much in respect of both bottom slope (5-6) and character of sediments (average particle diameter 11-13 mm).
Location A occupied a stretch of the tidal zone in the halfclosed bight (see Fig. 1 ). Maximal depth of the bight is 9 m, and it is connected with the open water area by a narrow strait only 1 m deep at low tide. Because of a nearby river mouth, salinity of the bight surface water was relatively low, not exceeding 14-17‰ in summer time (Maximovich 1989a) . Strong tidal currents cause relatively strong water dynamics here. The sampling plots were allocated at clay-sandy tidal flats of 30-40 m width (measured perpendicular to the shoreline). M. arenaria was a typical element of local intertidal macrozoobenthos assemblages throughout the observation period. It dominated in macrozoobenthic assemblages in terms of biomass in both low and middle intertidal horizons. In 1990 soft-shell clams formed 90-91% of the total macrozoobenthos biomass, and 14-23% of the total macrozoobenthos number in this area (Table 1) . Location B was part of a clay-silt-sandy beach of 50 m width in a wide shallow bight. Its depth was up to 1 m at low tide while water dynamics was represented mostly by weak tidal currents. Salinity ranged between 20‰ and 23‰ in summer. During the period of observation, drastic changes in the composition of local benthic assemblages were recorded. Until 1982, the middle tidal zone was occupied by a Fucus vesiculosus assemblage, with algae attached to numerous small stones. Bivalves Macoma balthica prevailed in terms of biomass in the macrozoobenthos (Table 2 ; Maximovich et al. 1991) . The low littoral zone was occupied by the Mytilus edulis+M. balthica assemblage. In the lowest parts of this horizon, a narrow belt (5-10 m wide) of the sea grass Zostera marina was present, spreading down to the upper sublittoral zone.
During summer 1982 and winter 1982/1983, the oldest specimens of M. balthica became largely eliminated. After 1982, an occasional abundant spat of M. balthica was reported here, especially in the low intertidal zone, but until 1992 there was no restoration of beds of this species. Abundant settlement of M. arenaria took place at this location in 1988. In 1991-1993, softshell clams dominated in terms of biomass, while M. balthica was scarce (Table 2) . Nevertheless, by 1997 less than 1% of the M. arenaria observed in 1989 survived at this plot. Since 1992, an increase of M. balthica abundance was observed in both intertidal horizons, and in 1997-1999 this species again prevailed in terms of biomass in the macrozoobenthos assemblages (Table 2) . ) were recorded in 1990 and 1989, respectively. Oldest specimens (17 years old, 79 mm shell length) were found here in 1992 in the low intertidal horizon.
Results

Dynamics of bed structure
The pilot study of M. arenaria population structure in this area was carried out in 1980 -1986 (Maximovich 1989a . The main peculiarity of the age structure was a predominance of 2-3 subsequent generations in several years. In 1980, specimens of 30-50 mm shell length (40 mm on average) prevailed (Fig. 2) . This group could be followed up to 1986 (Fig. 2) . From 1980 to 1986, juveniles (i.e. specimens settled in the previous year) were scarce or even absent.
By 1987, M. arenaria had virtually disappeared from this location. But, in the summer 1989, in both middle and low tidal horizons, soft-shell clam juveniles were observed in abundance, originating obviously from mass settlement in 1988. In 1989, the number of juveniles in the low intertidal zone was as high as 2152 ind. m 2 , while abundance of other generations was as low as 16 ind. m 2 (Table 3 ). In the middle intertidal zone, the corresponding values were 810 ind. m 2 and 32 ind. m 2 , respectively. This 1988 generation could clearly be followed until the last observation in 1999 (Fig. 3) . Interestingly, until the end of the observation period no mollusc of age 0+ was recorded from this plot (Table 3 , Fig. 2 ). In 1997, just as in 1980, the dominating generation comprised individuals of 30-50 mm shell length, with an average length of 40 mm (Fig. 2) . Even the abundance of the dominating generation in 1997 was about the same as in 1980 (about 200 ind. m 2 ).
Location B
The highest number of soft-shell clams for the whole study was recorded in 1989 (obviously due to specimens settled in 1988). Abundance was 677 ind. m 2 and 1,151 ind. m 2 in the middle and low intertidal zones, respectively, with juveniles making up 673 and 1,142 ind. m -2 (Figs. 3, 4) . After 1989 no further Mya settlement was observed at this location (Fig. 4) . From 1989 to 1996, the clam abundance declined gradually (Figs. 3, 4) . However, until 1996 the species dominated in terms of biomass in the macrozoobenthic assemblages (Table 2 ). In 1997-1999, M. arenaria was not recorded from this plot any more. Meanwhile, the M. balthica population had recovered, their abundance in 1999 was 668 ind. m 2 and 872 ind. m 2 in the middle and low intertidal zones, respectively (Table 2) .
Thus, in both investigated locations the 1988 generation of M. arenaria developed on the background of an almost complete lack of subsequent recruitment and a low abundance of older specimens. The characteristics of growth and abundance dynamics of M. arenaria will be analysed in the following mostly on the basis of this 1988 generation.
Abundance dynamics of generations
Abundance of separate M. arenaria year-classes varied over a wide range (see Fig. 3 ). The sharpest annual abundance decline (50-85%) was reported for 1 to 2-year-old molluscs. Later on, 1-60% of a generation were eliminated each year. Some stabilisation of 1988 generation abundance was observed in 1992-1995 at location A, and in 1990-1993 at location B (see Figs. 2,  4) . The mortality coefficient (m) varied substantially between sites (from 0 to 1.68 year -1 ), but a general trend could be found (Fig. 5) . Until the age of approximately 6 years, the mortality coefficient for individual cohorts decreased almost down to zero, while for older molluscs m showed an obvious tendency to increase again.
Average values of m for the investigated M. arenaria beds were 0.4 year -1 in the middle intertidal zone and 0.8 year -1 at the low intertidal zone. Though average values differed substantially, the range of fluctuations was similar for both tidal levels: 0.01-1.48 and 0-1.68 for middle and low intertidal zones, respectively. Within each of the investigated locations, the mortality coefficients varied to a similar degree: from 0 to 0.90 year -1 at location A, and from 0.01 to 1.68 year -1 at location B. The mean values, however, were fairly close to each other: 0.4 year -1 and 0.6 year -1 , respectively.
Growth rate
The two investigated locations differed markedly in terms of size of specimens of the 1988 generation over the whole study period (Fig. 3) . To compare growth rates of M. arenaria at different sites, specimens of the 1988 generation were collected in 1996 (when they were 8 years old) (Tables 4, 5, 6) . 1996 was chosen because this was the last year that the clams were collected from all four studied sites.
The average growth rate at location A was significantly higher than that at location B (Fig. 6) . At location B, no significant difference in growth rate was found between low and middle intertidal zones. At location A, however, specimens from the low intertidal zone had a significantly higher growth rate than those from the middle intertidal zone. Nevertheless, confidence intervals for the average values of shell length in separate years widely overlap (Fig. 6) . 
Discussion
A long-term monitoring is probably the most adequate approach to the analysis of population dynamics in longliving benthic species. In our study, the period of observation (19 years) exceeded the life span of M. arenaria in the White Sea, which is up to 17 years according to our data. A main feature of the investigated beds is instability of age structure. As a result of substantial annual variation in the number of specimens of age 0+, a single generation prevailed in the beds for several years. Since 1989, other generations were represented by a few specimens only. The period of the population cycle could be derived from the data obtained at location A. The switch between generations took place there in 1988. The striking resemblance of the studied Mya beds in 1980 and in 1997, in terms of both clam average size and abundance of the dominating group, suggests that the period of this bed cycle was close to 17 years.
Predominance of a single generation in local M. arenaria populations was also reported from the Wadden Sea (Strasser et al. 1999) . A number of studies demonstrated drastic (Smidt 1944; Goshima 1982) as well as cyclic (Glude 1954; Commito 1982; Sadykhova 1982) changes in the population structure of this species in different parts of its geographical range. These peculiarities of soft-shell clam population dynamics could be connected to interannual variation in recruitment rate, which in turn might result from interannual variation in reproductive success (Beukema 1982 (Beukema , 1992 . However, this is probably not the case in the White Sea, since environmental conditions during the hydrological summer period are quite favourable for M. arenaria reproduction (Kaufman 1977; Maximovich 1978) , and larvae were observed regularly in relatively large numbers in the summer plankton of the Chupa Inlet (Maximovich and Shilin 1990 , 1997 . Abundance of veliconches in planktonic assemblages of this area varied between years, with maximum values of up to 300 ind. m -3
, and there were no extraordinary events in 1988 in this respect (Maximovich and Guerassimova unpublished data) .
Obviously, the key factors for successful recruitment were the conditions of spat settlement and juvenile survival. In the Wadden Sea, the number of M. arenaria recruits was found to be negatively correlated to the abundance of the lugworm Arenicola marina, which is a dominant bioturbator on the intertidal flats of that area (Flach 1992) . However, lugworms are not characteristic of the investigated locations in the White Sea (Maximovich 1989a; Maximovich et al. 1991) . Predation has also been identified as an important regulator of abundance of soft-shell clam juveniles (Pihl 1982; Jensen and Jensen 1985; Reise 1985; Günther 1992) . For example, the crab Carcinus maenas played a key role in the elimination of the 0+ group of M. arenaria in the Danish Wadden Sea (Jensen and Jensen 1985) . Nevertheless, epibenthic predators could hardly be responsible for the lack of Mya recruitment at location A throughout an 11-year period. There is also no reason to suggest an impact of annual changes in the hydrological regime in the investigated area on the year-to-year variation in the abundance of 0+ specimens. In 1988, when intensive recruitment took place in both habitats, no anomalies were observed in basic hydrological characteristics (including salinity and temperature).
A number of authors reported a negative influence of filter feeders on their planctonic larvae (Woodin 1976; Olafsson 1989) . As a result of this kind of impact, intraspecific competition in soft-shell clam beds was observed (Möller and Rosenberg 1983; Möller 1986; Andre and Rosenberg 1991) . Thus, successful spat settling in habitats typical of this species could be expected only when the number of adult specimens is low. Characteristically, during our study mass settlement at location A (in 1988) took place after almost complete elimination of other Mya generations (Fig. 2) . However, to assume that successful recruitment of soft-shell clams is only possible when the number of older specimens is low would probably oversimplify the mechanisms of population dynamics. There is a lot of data available about a lack of correlation between the number of spat and number of adult specimens in M. arenaria local populations (Kühl 1955; Brousseau and Baglivo 1988; Günter 1992; Strasser et al. 1999) . The obvious synchrony of M. arenaria bed dynamics in both investigated habitats suggests the existence of a common mechanism regulating recruitment rate and periodicity in these areas. Abundant juveniles in both locations probably appeared due to: (1) availability of an unoccupied biotope in 1988; and (2) favourable conditions for juvenile survival during the first winter. In particular, ice conditions are known to be of crucial importance for M. arenaria spat survival (Kühl 1951) .
At location B, the formerly dominant species M. balthica was replaced by M. arenaria. It is well known that spatial distribution and lifecycles of marine organisms in the White Sea are largely determined by temperature and salinity gradients (Kuznetzov 1960; Kaufman 1977) . Nevertheless, the replacement took place under an ordinary hydrological regime and cannot be explained by changes in thermo-haline environmental characteristics. Known competitive interactions between M. balthica and M. arenaria (Rassmussen 1973) and temporary advantage of one species under the given environmental conditions may have been decisive for the redirection of community succession.
Variability of the elimination rate, which we observed in the investigated beds, was also reported for other parts of the species' geographical range (Brousseau 1978; Commito 1982; McGroty et al. 1990 ). In Northern America, as well as in the White Sea, larvae and juveniles of M. arenaria have been reported to show the highest elimination rates, while in older specimens the elimination rate decreases (Brousseau 1978; Commito 1982) . The high mortality level during the first (1-2) years of the life cycle may be connected to the fact that young clams of this age inhabit the highly changeable surface sediment layer (not deeper than 2-3 cm). For example, it is known (Kulakovsky and Flachinskaja 1993) that among larvae of Mytilus edulis in the White Sea there are quite a lot of specimens with visible ontogenetic defects. The relatively low rate of mortality of 3-to 6-year-old Mya arenaria may be related both to a decreased variability of the environment (clams of this age live deeper in the sediments) and to improved feeding conditions (after elimination of a large part of the generation). A subsequent re-increase in the elimination rate might reflect growing competition among larger molluscs with their increased food demands.
The growth rate of the soft-shell clam varies considerably in different parts of its geographical range. The maximum lifetime varied from 4 to 28 years, while maximum length ranged from 27 to 125 mm (Swan 1952; Feder and Paul 1974; Warvick and Price 1975; Evans and Tallmarc 1977; MacDonald and Thomas 1980; Commito 1982; Emerson et al. 1988; Appeldoorn 1990 ). In the Mya beds studied here, molluscs reached 74-79 mm in 13-17 years, which corresponds well to the above data.
Substantial differences between the investigated locations with respect to mollusc life history (at location B the 1988 M. arenaria generation went extinct after 8 years, whereas at location A the same generation reached 11 years still at a relatively high abundance) may reflect differences in habitat characteristics and life conditions in spite of a high outward resemblance of the two locations. Though the data obtained did not reveal significant differences between locations A and B with respect to elimination rate, they did show significant differences in growth patterns. The growth rate in M. arenaria is known to be strongly related to temperature (Swan 1952; Appeldoorn 1990 ) and food availability (Rosenberry et al. 1991) . However, inside the investigated area neither substantial temperature gradients nor signs of differences in food availability were observed. Thus the differences in M. arenaria growth rates may be related to some other factors which are still unknown. It is nevertheless clear that M. arenaria growth rate is very sensitive to environmental conditions. Considering definite bioindicator properties of the soft-shell clam, we suggest that this species is a convenient and promising object for population monitoring.
